Three-finger toxins are a family of low-molecular-mass toxins (< 10 kDa) having very similar three-dimensional structures. In the present study, 19 novel cDNAs coding three-finger toxins were cloned from the venom gland of Ophiophagus hannah (king cobra). Alignment analysis showed that the putative peptides could be divided into six kinds of three-finger toxins: LNTXs (long-chain neurotoxins), short-chain neurotoxins, cardiotoxins (CTXs), weak neurotoxins, muscarinic toxins and a toxin with a free SH group. Furthermore, a phylogenetic tree was established on the basis of the toxin cDNAs and the previously reported similar nucleotide sequences from the same source venom. It indicated that three-finger-toxin genes in O. hannah diverged early in the course of evolution by long-and short-type pathways. Two LNTXs, namely rLNTX1 (recombinant LNTX1) and rLNTX3, were expressed and showed cytolytic activity in addition to their neurotoxic function. By comparing the functional residues, we offer some possible explanations for the differences in their neurotoxic function. Moreover, a plausible elucidation of the additonal cytolytic activity was achieved by hydropathy-profile analysis. This, to our knowledge, is the first observation that recombinant long chain α-neurotoxins have a CTX-like cytolytic activity.
INTRODUCTION
Three-finger toxins in snake venoms consist of a multitude of pharmacologically active peptides having a very similar three-dimensional structure, with three loops extending from a very conserved core rich in disulphide bridges [1] . According to the diversity of their functions, three-finger toxins can be classified into two major groups: neurotoxins and CTXs (cardiotoxins). LNTXs (long-chain neurotoxins), SNTXs (short-chain neurotoxins), WNTXs (weak neurotoxins) and MTXs (muscarinic toxins) belong to the neurotoxin group, members of which interfere in the transmission of nervous impulses by selectively binding to particular receptors in the nerve or muscular membrane. LNTXs and SNTXs are also called α-neurotoxins. They have a high affinity for nAChRs (nicotinic acetylcholine receptors), whereas MTXs bind to mAChRs (muscarinic acetylcholine receptors) [2, 3] . WNTXs are characterized by their being able to act on nAChRs with a lower affinity than LNTXs [4] . The major members of the CTX group have no known effect on nAChRs or mAChRs, but exhibit quite different pharmacological properties, such as cytolysis, haemolysis and heart failure [5] .
Up until now the functional residues of some LNTXs and SNTXs have been elucidated on the basis of the crystal structures of binding complexes and mutation analysis, but further structurefunction validations in more α-neurotoxins are needed [8, 9] . In the interim, rather fewer findings have been obtained in research on CTXs, WNTXs and MTXs. This is partly because the wide distribution of hydrophobic regions renders most of the CTXs difficult to crystallize, and few WNTXs and MTXs have been purified [7, 10] . In the present study we cloned 19 novel cDNAs coding for the abovementioned three-finger toxins from Ophiophagus hannah (king cobra). Two LNTXs were expressed and their neurotoxic effects on muscular nAChRs were tested by means of electrophysiological experiments. By comparing the functional residues we are able to offer some plausible explanation for the differences in their neurotoxic functions. The work partly supports the location of functional residues related to neurotoxic activity. Moreover, these cDNAs will be helpful in the structurefunction elucidation of three-finger toxins by sequence alignment and recombinant-mutation technology.
The evolutionary relationship of three-finger toxins is another 'hot' topic dating back to the 1990s. Most of the phylogenetic trees constructed previously were based on the amino acid sequences of snake toxins [11] . However, Strydom [12] concluded that no particular choice of snake toxins could be used to build a phylogenetic tree on the basis of their amino acid sequences alone. Since the first three-finger toxin was sequenced in 1985, phylogenetic analysis has been focused on the construction of phylogenetic trees of nucleotide sequences and the analysis of gene structures [13, 14] . However, little work has been done on the evolutionary relationship of the six kinds of three-finger toxins, since toxins from different snakes may exhibit different evolutionary tendencies, and it is relatively difficult to get multisequences of three-finger toxins in a specific snake [13] . Now, for the first time, many cDNAs of three-finger toxins have been cloned from O. hannah. The phylogenetic tree of these Multiple sequences were aligned using CLUSTALW (version 1.83). The tree was reconstructed using distance methods of Neighbour-joining on the basis of the Poisson-corrected amino acid distance. The reliability of clusters was estimated using a Bootstrap test. The GenBank ® accession numbers of cDNAs whose sequences have already been published are indicated. The scale bar means 0.05 amino acid substitution per site.
cDNAs, and previously published sequences from the same source venom, indicated that three-finger toxin genes in O. hannah evolved from a common ancestor and diverged early in the course of evolution. Do these evolutionary related toxins have similar functions? Recent reports showed that some of these three-finger toxins had 'crossed' functions. It was reported that a SNTX with the cytotoxic function of CTXs was isolated from Daboia russelli russelli (Sri Lankan Russell's viper) [15] . Zhou et al. [16] provided evidence that WNTXs, in the presence of CTXs, may exhibit a synergic cytolytic effect. In our study, two recombinant LNTXs showed a cytolytic activity in addition to their neurotoxic function. A possible elucidation has been carried out by means of hydropathy-profile analysis.
MATERIALS AND METHODS
All experiments were carried out in accordance with Chinese Animal Welfare legislation and were approved by the Committee on Ethics in the Care and Use of Laboratory Animals in the National Institute for the Control of Pharmaceutical and Biological Products.
Isolation of mRNA, reverse-transcription PCR and identification of cDNA
On the basis of the seven amino acids in the N-terminal sequences of the signal peptides of neurotoxins in the elapid-snake venoms, the sense primer 1 was designed as 5 -AGATGGCAAG-ATGAAAACTCTGCTGCTGACC-3 . The double-stranded cDNAs were amplified using primer1 and the universal adaptor primer according to the 3 -RACE (rapid amplification of cDNA ends) core set procedures. The PCR products were cloned into pMD18-T vector. Randomly selected transformants, 145 in all, were screened, and 137 positive clones were sequenced on both strands by TaKaRa Biotechnology Co. Ltd, Dalian, China. Nucleic acid sequences were analysed using DNASTAR 4.0. Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 3.1 (http://www.megasoftware.net/).
Construction of fusion expression plasmids
Two cDNAs encoding LNTX were named as lntx1 and lnxt3 respectively. Primer2 (5 -CGTGGATCCACAAAATGCTACA-AAACCGGTG-3 ) and primer3 (5 -CGACTCGAGTCAACG-TTGTTTCATTTTTGGATG-3 ) were used to amplify lntx1; [23] . Signal peptides are boxed. Amino acid residues that matched the template residues in the first line of each group reversed-out (i.e. white-on-black) in (A) and (B), whereas residues reversed-out in (C) are unmatched ones. The last number in each row indicates the numbers of residues in each toxin. (A) Group A toxins having ten conserved cysteine residues (five disulphide bridges). (B) Group B toxins having eight conserved cysteine residues (four disulphide bridges). (C) Alignments of rLNTX1 and rLNTX3 to their corresponding natural proteins. Functional residues at homologous sites are indicated with asterisks (*).
primer4 (5 -CGTGGATCCTTGATATGCTTCATATCTTCTCA-TG-3 ) and primer5 (5 -CGACTCGAGTCAAGGTCTCAATT-TCGGATGTGGG-3 ) were used to amplify lntx3. Underlined nucleotides include the restriction sites of BamHI and XhoI respectively. PCR products were subcloned into vector pGEX4T-1. Plasmids with the correct sequences were expressed in the Escherichia coli host cell Origami B.
Expression and purification of rLNTXs (recombinant LNTXs)
The bacteria harbouring vector-lntx1/lntx3 were induced with 0.1mM IPTG (isopropyl β-D-thiogalactoside) and the culture further incubated at 16
• C for 20 h. The cell pellets were lysed using 0.5 mg/ml lysozyme for 15 min, followed by mild sonication. After centrifugation, the supernatant was mixed with glutathioneSepharose 4B and incubated at 4
• C overnight. The mixture was then loaded on to an empty column and the fusion proteins were eluted with buffer containing 50 mM Tris/HCl and 10 mM GSH. Elution fractions were loaded on to a Superdex75 column (1.6 cm internal diameter × 100 cm long) at 1 ml/min and peaks were desalted on a Sephadex G25 HiPrep 26/10 column. Fusion proteins were freeze-dried, then dissolved in the cleavage buffer prior to the addition of 10 units of thrombin for each 1 mg of fusion protein. Fusion protein LNTX1 was cleaved at room temperature for 8 h, whereas LNTX3 was cleaved at 37
• C for 12 h. After cleavage, proteins were loaded on a benzamidine column placed in series below the GSTrap column at a rate of 0.5 ml/min.
Characterization of rLNTX1 and rLNTX3
Purity tests on rLNTX1 and rLNTX3 were carried out using reversed-phase HPLC (Alltech-C8 column; 4.6 mm internal diameter × 150 mm long) and SEC (size-exclusion chromatography) HPLC (TSK G2000 SW XL ; 7.8 mm × 300 mm). The tip of the goal peak eluted from reversed-phase HPLC was collected for MS and amino acid sequencing. The molecular mass was determined by MALDI-TOF (matrix-assisted laser-desorption ionization-timeof-flight) MS (AXIMA-CFR TM ) under the mode of linear 2 GHz positive ionization. Ten amino acids at the N-terminus of the proteins were sequenced by the Department of Biochemistry, School of Life Science, Peking University (Beijing, China) on an ABI Procise 491 protein sequencer.
CD spectra were recorded on a Jasco J715 spectropolarimeter and averaged from three recordings. Both samples were dissolved in PBS at 0.3 mg/ml and the measurements taken at 22
• C using 1-mm-light-path cell. The molecular ellipticity [17] was used as the y co-ordinate.
Lethality assay (LD 50 )
A total of 15 Kunming mice were injected intravenously with 200 µl of recombinant toxins dissolved in 0.9 % NaCl. An LD 50 test was performed using the up-and-down method [18] and according to the AOT425StatPgm1.0 procedure (http://www.epa. gov/oppfead1/harmonization/). All mice were observed for up to 48 h.
Electrophysiological experiments
Skeletal myocytes were obtained by the method of Yaffe [19] , with some modifications. Nicotine-induced currents were recorded with a single microelectrode voltage clamp at − 70 mV, using electrodes with approx. 2 M resistances when filled with internal solution (2.36 % CaCl 2 /0.24 % Hepes/0.38 % EGTA/0.11 % ATP, pH 7.2). The external bath composition was 0.82 % NaCl/ 0.04 % KCl/0.02 % MgCl 2 /0.24 % Hepes/0.2 % D-glucose/ 0.03 % CaCl 2 , pH 7.2. All drugs were applied on to the surface of experimental cells by low-pressure injection with a microinjector (IM-5B; Narishige). At 5 min after impalement with the electrodes, the myoball was exposed to various concentrations (40-120 µM) of nicotine to select a suitable concentration of nicotine for control current, and peak current was recorded on Clampex 7.0 workstation.
Before toxins were tested, the cell was exposed to 80 µM nicotine for 5 s and the current was recorded. The same cell was then exposed to various concentrations of toxins dissolved in external solution containing 80 µM nicotine. For each concentration of toxin this procedure was repeated five times on five different myoballs. The currents recorded either for nicotine or for the toxin were averaged as control current and test current respectively. The curves of concentration-dependent inhibition were fitted according to the median effect equation [20] .
Cytotoxity assay
HUVEC (human umbilical-vein endothelial cells) and L929 cells were maintained respectively in glucose-supplemented Dulbecco's modified and in RPMI 1640 medium containing 10 % (v/v) Cosmic calf serum (HyClone) under monolayer conditions. The loss of ability of the cells to oxidize MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] was used as a measure of the toxin's effect on cell viability [21] . The IC 50 (50 % inhibitory concentration of toxins; µg/ml) is defined as the amount of toxins needed to inhibit 50 % viability of cells compared with the negative control. The median effect equation previously described was used to calculate the IC 50 value.
RESULTS

cDNA sequence analysis
The complete sequences of 19 cDNAs with GenBank ® accession numbers from DQ273567 to DQ273585 were obtained from 137 clones and named on the basis of the NCBI (National Center for Biotechnology Information) Blastx results. These novel genes encoded for six kinds of three-finger toxins: LNTXs (five isoforms), SNTXs (four isoforms), WNTXs (two isoforms), MTXs (two isoforms), CTXs (five isoforms) and a neurotoxin with a free SH group.
Phylogenetic analysis of the cDNAs obtained, and of published cDNAs also amplified from O. hannah, suggested that threefinger toxin genes in O. hannah diverged early in the course of evolution by long-type (70-73 residues) and short-type (57-65 residues) pathways ( Figure 1) . SNTXs, CTXs, MTXs and WNTXs belonging to the short-type-pathway group evolved with LNTXs belonging to the long-type-pathway from a common ancestor. This was suggested by Fujimi et al. [22] , who explained the molecular evolution of snake-toxin genes by the analysis of intron sequences. Among genes in the short-type pathway toxins, SNTXs and CTXs showed a greater divergence at a later stage of evolution than did MTXs and WNTXs, and so did LNTXs among the long-type-pathway toxins. It appears that SNTXs, CTXs and LNTXs genes were relatively active in the evolution of threefinger toxins in O. hannah. Although WNTXs have a similar peptide length, and the same numbers of disulphide bridges, as LNTXs, sequences coding for WNTXs were phylogenetically closer to the SNTXs group than to the LNTXs group.
The hypothetical proteins corresponding to the cDNAs obtained were compared with sequence-published toxins from O. hannah and classified into two groups on the basis of numbers of disulphide bridges. Six LNTXs and WNTX34 formed group A and all retained ten conserved cysteine residues (Figure 2A ). Four SNTXs, five CTXs, two MTXs and WNTX33 formed group B and all had eight conserved cysteine residues ( Figure 2B ). Both groups have a highly conserved 21-residue hydrophobic signal peptide. The putative mature peptides of six LNTXs comprise 70-73 amino acids, whereas WNTX34 comprises 65. The fifth disulphide bridge of WNTX34 is located in loop I, whereas that of LNTXs is located in loop II. This is the structural basis with which to classify WNTX34 as a weak neurotoxin. Although WNTX33 consists of 62 residues and four disulphide bridges, just like SNTXs, and lacks the identifying disulphide of WNTX in loop I, it has 85 % identity (53/62) and 90 % positive homology (56/62) with the weak toxin DE-1 (Swiss-Prot. number P01412). On the basis of these results, we term the protein 'WNTX33' rather than 'SNTX33'.
LNTX22 is an interesting toxin, having 83 % identity with toxin b (P01386), one of the first two LNTXs purified from O. hannah. Arg 42 replaces Cys 42 in LNTX22, which is conserved in other LNTXs and participates in forming the disulphide bridge of loop II [7] . To date, only schistosa 4 and schistosa 5, two principle neurotoxins purified from Enhydrina schistosa (beaked sea snake), have the same free thiol group as LNTX22 [24] . These toxins are the most unusual members of the neurotoxin group and, because of their unique structural characteristics, may constitute a new subfamily of three-finger proteins.
Because LNTX3 and LNTX1 show high similarity to other known proteins ( Figure 2C) , and lntx1 was the most abundant gene among the 19 cDNAs, we expressed LNTX3 and LNTX1 for further research into their function.
Expression and purification of rLNTX3 and rLNTX1
Tris/glycine/SDS/16%-(w/v)-PAGE analysis of total proteins extracted from uninduced and induced culture, together with a two-step purification of fusion proteins, are shown in Figure 3 . Bands of about 34 kDa corresponding to fusion proteins (labelled '1') appeared in the induced cultures. No significant difference in expression of the lntx3 gene was observed on increasing the incubation temperature to 37
• C ( Figure 3A ). Proteins obtained from the culture had more soluble forms in the lysate supernatant at 16
• C and with 0.1 mM IPTG ( Figure 3C ). Thrombin was used to cleave the GST (glutathione S-transferase) tag from the fusion protein ( Figure 3D ). The released recombinant peptides were further purified on a benzamidine FF column placed in series below the GSTrap FF column (Figure 4 ).
Characterization of rLNTX1 and rLNTX3
Both proteins existed as monomers according to SEC-HPLC chromatography, with molecular masses of 8343.68 Da and 7676.87 Da respectively as assessed by MALDI-TOF-MS ( Figures 5A and 5B) . These values corresponded to those calculated on the basis of amino acid sequence. Ten amino acids at the N-terminus of rLNTX1 and rLNTX3 corresponded to the expected amino acids in those positions, with the first two amino acid residues being Gly-Ser and the remainder in the cleavage site of thrombin.
In the secondary structures of rLNTX1 and rLNTX3 determined by CD spectroscopy (Figures 5C and 5D ), the negative ellipticity extrema near 200 and 215 nm indicated a major β-sheet conformation with little random-coil structure and little α-helix, which corresponded to the conformation of known α-neurotoxins [25] .
Bioassays
LD 50 values for rLNTX1 and rLNTX3 are listed in Table 1 . During the in vivo toxicity test (LD 50 ), we found that, when rLNTX1 was injected at the high dose of 0.7 mg/kg, mice became quiet, sluggish and showed deep and rapid breathing. Most of the mice died within 10 min, and some excreted bloody urine. Dissection of the mice excreting bloody urine showed no necrosis, but some haemorrhage points in kidneys and lungs as compared with other mice. The phenomenon of bloody urine was not observed in mice injected with rLNTX3, but, during the dissection of dead mice injected with rLNTX3, the same hemorrhage points at the surface of lungs were observed in several mice. This was an unusual observation in the α-neurotoxin toxicity test. A whole-cell patch-clamp technique was used to test the neurotoxic activity of the recombinant peptides. Nicotine at 80 µM was chosen to excite the repeatable control current ( Figure 6A ). As shown in Figure 6B , trace 5, the presence of 3.18 µM rLNTX3 caused an almost complete block in the nicotine-evoked current. After an interval of 5 min, 80 µM nicotine was applied again, but the current could not be restored. The same phenomenon was observed when rLNTX1 was added to the cell at a concentration of 10 µM ( Figure 6C, trace 5) . The IC 50 values for rLNTX3 and rLNTX1 were 0.385 and 0.763 µM ( Figure 6D ) respectively, which was similar to that of two long-chain neurotoxins: P9-CTX from O. hannah and α-bungarotoxin from Bungarus multicinctus (many-banded krait) [27, 28] . The value for the latter was about twice as high as that of the former. The results of their in vivo lethality determination corresponded with the LD 50 value for rLNTX1 being higher than that for rLNTX3. The results of wholecell patch-clamp experiment showed that these recombinant peptides could lead to a functional block of the muscle-type AChRs and that they could be classified as α-neurotoxins.
The MTT assay was used to measure the effect of two peptides on cell viability. Crude venom and cobrotoxin, an SNTX from Naja naja atra (Taiwan cobra), were compared with rLNTX1 and rLNTX3. To date there are no published reports that cobrotoxin has cytolytic activity.
In general, both cell types were susceptible to crude venom, rLNTX1 and rLNTX3. However, the recombinant peptides had more cytolytic effect than did the crude venom ( Figure 7) . Furthermore, each showed more potent cytotoxicity towards L929 than to HUVEC. rLNTX3 was about twice as cytotoxic to HUVEC than was rLNTX1. However, they showed almost equal cytotoxicity towards L929 cells. The IC 50 values for rLNTX1, rLNTX3, crude venom and cobrotoxin are listed in Table 1 . When observed under the microscope (×400) at 24 h after administration of toxins, the cells treated with crude venom at a middle/high dose shrunk to a darker dot, while the membranes of cells were intact. A portion of the cells treated with rLNTX1 and rLNTX3 at middle/high dose were unable to retain an intact membrane, and much cell debris was observed. This indicated that the mechanism of lethality to cells might be different. The last curves in Figures 7(A) and 7(B) showed the cytolytic effect of cobrotoxin. At a comparable concentration, cobrotoxin was not able to kill either cell type (cytotoxicity < 15 %).
DISCUSSION
It is known that LNTXs are dual-function peptides that are able to bind to both muscular and neuronal nAChRs [29] . It has been suggested that eight functionally conserved residues are necessary for binding to nAChRs. Figure 2C ). Phe 29 is a very important residue protruding from loop II (middle finger) of the toxin and filling the binding pocket through [9] . Remarkably, Trp 29 occupies the position of Phe 29 in rLNTX3. Although both tryptophan and phenylalanine are aromatic amino acids, the indole ring of tryptophan provides more potent electron density than does the sole phenyl ring of phenylalanine, which may enhance the aromatic interaction with Tyr 185 of the receptor. It suggests that the affinity of rLNTX3 to nAChRs is likely to be higher than that of rLNTX1. Our electrophysiological experiments support this supposition ( Figures 6D and 6E ).
Another obvious difference between the functional residues of rLNTX1 and rLNTX3 is that Asn 49 replaces Lys 49 at the tip of loop III in rLNTX3. Lys 49 is an important residue required for LNTX binding to muscular nAChRs. In α-Cbtx (α-cobratoxin), an LNTX from Naja kaouthia (monocled cobra), Antil et al. [31] mutated Lys 49 to Glu 49 . The mutation caused a 53-fold decrease in the binding affinity of α-Cbtx to muscular nAChRs. The authors concluded that a positive charge at this position is critical for binding. Nevertheless, Asn 49 occupies the position of Lys 49 in rLNTX3. Our patch-clamp experiments showed that the ability of rLNTX3 to inhibit the current evoked by nicotine is almost twice as high as that of rLNTX1 ( Figure 6D ). It is known that asparagine plays a special role in forming the two-dimensional structure of proteins, for O γ in its side chain always forms an H-bond with NH n+3 in the main chain, which could change the orientation of the main chain (the subscript n+3 means the third residue behind asparagine in the backbone peptide). Looking at the structure of LNTXs, we can see that Asn 49 occupies the Hydropathy profiles were analysed according to the Kyte-Doolittle method [35] . Values above the axis denote hydrophilic regions, whereas those below the axis indicate hydrophobic regions. Analyses were carried out using ANTHEPROT V5.0 (Institut de Biologie et Chimie des Protéines, Lyon, France).
position next to the tip of loop III [31] . One can conjecture that Asn 49 would be helpful in maintaining the tip of loop III by forming an H-bond with the NH n+3 of Ile 52 , and the positive charge at this site needed for binding is provided by the nearby Lys 47 . Anyway, site-directed-mutagenesis experiments are required to elucidate the precise function of Asn 49 and Phe 29 . Our experiments showed that rLNTX1 and rLNTX3 were able to functionally block the muscle-type nAChRs in the same way as SNTXs. Shelke et al. [15] isolated a postsynaptic SNTX with a cytotoxic function from D. r. russelli venom. It is an example of an SNTX having a lytic activity. Do these recombinant neurotoxins also have this ability?
In expressing stages, E. coli harbouring vector pGEX4T-1-lntx3 grew much more slowly than E. coli having blank vector pGEX4T-1. In the in vivo LD 50 test, bloody urine and hemorrhage points were observed in some mice. It indicated that rLNTX1 and rLNTX3 might have cytotoxic abilities. The results of testing on HUVEC and L929 cells showed that both of them have a more potent cytotoxic activity than has crude venom and cobrotoxin (an SNTX with no known lytic activity). Further analysis of cytolyticfunction-related residues, comparing sequences of rLNTX1 and rLNTX3 with those of CTXs, is difficult. The major reason is that the functional sites in CTXs are still a matter of controversy [7, 32] . However, the presence of both a cationic and a hydrophobic site would seem to be essential for lytic activity [7] . Figure 8 shows a hydrophilicity analysis of rLNTX1, rLNTX3, cobrotoxin and CTX-4b. CTX-4b is a CTX from Naja Naja sputatrix (Southern Indonesian spitting cobra) having the greatest cytolytic activity in its isoforms [33] . The hydrophobic residues distribute in the three loops of CTX-4b as clusters. rLNTX3 has a hydropathy profile very similar to that of CTX-4b, except that the hydrophobic residues located in loop II show less of a tendency, compared with CTX-4b, to get clustered. Nevertheless, rLNTX1 has different hydropathic features, for the loop I of rLNTX1 is full of hydrophilic residues, and its hydrophobic residues in other loops are also fewer in number than those in rLNTX3. These observations correspond to the experimental finding that the cytolytic ability of rLNTX1 is less than that of rLNTX3. An obvious fact is that a predominant distribution of hydrophilic residues throughout three loops of cobrotoxin, especially in loop II. This is quite different from rLNTX1, rLNTX3 and CTX-4b. an NMR solution study and a graphic modelling study of CTX indicated that loop II plays an important role in its toxic action [34] . Thus the broad distribution of hydrophobic residues on the three loops of recombinant LNTXs might be one of reasons for their extra cytolytic activity.
